INTRODUCTION 1. UVOD
The colour of wood is an effect of the selective refl ection and diffusion of light rays with wavelength characteristic of a given material. A material has a colour corresponding to the spectral composition of refl ected and diffused rays. It absorbs the remaining rays forming part of the spectral composition, so they do not reach the eye and do not give the impressions of colour. One of the characteristic features of wood is the changeability of colour. The colour of wood depends on a number of external factors, among which climatic conditions play the most signifi cant role (Hon and Minemura, 1991; Sharratt et al., 2009; Tolvaj and Mitsui, 2010) . Tolvaj and Mitsui (2010) found that colour alteration of black locust wood can be seen by the naked eye after 2-3 h of solar irradiation. Sharratt et al. (2009) showed that the majority of colour changes of Scots pine (Pinus sylvestris L.) occurred within the fi rst 24 h after simulated accelerated sunlight exposure. The colour of wood also depends on habitat conditions. Depending on the type and content of extractives, particular wood species show different susceptibility to colour change under the infl uence of ultraviolet radiation (Pandey, 2005 ; Persze and Tolvaj, 2012; Moya, et al. 2012) .
Some wood species are capable of forming coloured heartwood. The oldest annual growth rings, located most closely to the pith, change their chemical composition and have limited water permeability. Heartwood is often darker in colour compared to sapwood, which makes it possible to distinguish it with the naked eye. Heartwood only fulfi ls a mechanical role. It strengthens the trunk, and this part of the trunk becomes naturally impregnated during the life of the tree and it is more resistant to microorganisms and insects than sapwood. Sapwood, in addition to strengthening the trunk, participates in the plant's vital functions, e.g. water transmission and accumulation of nutrients, and for this reason it is defi nitely more susceptible to rots and insects feeding. In extreme cases, e.g. in the case of common oak wood, sapwood, which is usually narrow, is treated as waste, a part of the trunk that is not suitable for processing. Pine wood is a heartwood species with coloured heartwood. The sapwood component in pine wood is considerable and may reach up to 1/3 of the trunk width. Similarly to heartwood, pine sapwood is used for industrial purposes. Pine sapwood is light yellow, whereas heartwood is red-brown. The darker colour of heartwood is caused by the presence of gum, tannins, dye substances and other extractives (Wagenführ, 2007) .
Thermo-mechanical modifi cation is one of the methods enabling the improvement of physical and mechanical properties of wood without the use of chemicals (Ülker et al., 2012; Rautkari et al., 2013; Laskowska, 2017) . The following features are most frequently described as quality indicators of densifi ed wood: density, hardness, dimensional stability (Ülker et al., 2012; Laine et al., 2013 Laine et al., , 2016 Rautkari et al., 2013; Tu et al., 2014) . There is no comprehensive data on the impact of abiotic factors, i.e. ultraviolet radiation, on the colour of wood subjected to densifi cation. Neither is there comprehensive data concerning colour changes in densifi ed wood broken down into sapwood and heartwood areas. Wood colour stability is an important feature, since it is among the primary factors determining the usability of wood. Moreover, it may constitute an indirect indicator of wood quality and strength (Bekhta and Niemz, 2003 The purpose of the study was to determine the impact of ultraviolet radiation on the colour of thermo--mechanically modifi ed sapwood and heartwood of pine (Pinus sylvestris L.). A particularly important aspect was to determine the change in the colour parameters of wood in time. Another important aspect was to verify the differences in the susceptibility of pine sapwood and heartwood to colour change under the infl uence of ultraviolet radiation.
MATERIALS AND METHODS

MATERIJALI I METODE
Pine (Pinus sylvestris L.) sapwood (S) and heartwood (H) from a forest in the central Poland, managed by the State Forests National Forest Holding, were used for the study. The samples used for the study had the dimensions of 120 mm (longitudinal), 60 mm (radial) x 5 mm (tangential). 20 samples were used for each variant of thermo-mechanical modifi cation and exposed to light irradiation. The surface of samples was fi nished by planing. The samples were conditioned for three months in a normal climate (temperature 20 °C ± 2 °C, relative humidity 65 % ± 5 %).
The thermo-mechanical modifi cation of wood was conducted in a laboratory hydraulic press. The tempera-to what extent the factors under analysis affected the wood colour parameters immediately after the modification (parameters identifi ed by the symbol M, e.g. L*_M) and after 300 h of light irradiation of wood (parameters identifi ed by the symbol R, e.g. L*_R). The infl uence of the area of wood and temperature of treatment on the colour change ΔE after 20 h and 300 h of light irradiation was analysed (marked as ΔE_20R and ΔE_300R, respectively).
The wood area (sapwood, heartwood) demonstrated a signifi cant infl uence on all the pine properties under study except for density. The degree of densifi cation of sapwood was so high that comparable densities were achieved for sapwood and heartwood as a result of modifi cation. The temperature of thermo-mechanical modifi cation showed a signifi cant infl uence on all pine wood properties under study (p < 0.05). The interaction between the area of densifi ed wood and the temperature of treatment, which shaped the wood parameters under study except for a* and h after light irradiation, was also signifi cant. When analysing the percentage impact of factors on the properties of densifi ed pine wood under study, considerable differences in the effect of these factors could be noted. The temperature of treatment infl uenced the values of CR and density (infl uence at a level of 98 %), b* and ΔE (infl uence at a level of 44 -63 %) to a much greater extent than the area of the densifi ed wood. The differences between sapwood and heartwood determined primarily the values of L*, a*, h, both immediately after densification, and after light irradiation (infl uence at a level of 50 -84 %). The level of infl uence of the factors under analysis on colour parameters was different after light irradiation than immediately after densifi cation. When the infl uence of the wood area increased, the infl uence of the temperature decreased and vice versa. For example, the wood area infl uenced the differences in the lightness of wood to a greater extent after light irradiation than immediately after densifi cation (the infl uence of this factor increased from 50 % to 76 %), whereas the infl uence of the temperature of treatment on the lightness of wood after light irradiation (12 %) was smaller than after densifi cation (32 %).
The present studies show that the higher the temperature of the press platen, the higher degree of compression of pine sapwood and heartwood and, consequently, the higher density, was achieved. Pine heartwood was compressed to a lesser degree than sapwood ( Figure 1a ). This was due to the lesser susceptibility of latewood zones in heartwood to densifi cation. Heartwood latewood is characterised by greater density and it is often saturated with resin which, by fi lling the interior of cells, makes their densifi cation diffi cult. Pine heartwood may contain even fi ve times as much resin as sapwood (Sandermann and Augustin, 1963) .
As a result of greater compression, the density of sapwood became comparable to the density of heartwood ( Figure 1b ). The density of non-densifi ed pine sapwood and heartwood was 466 kg·m -3 (±17) and 558 kg·m -3 (±9), respectively. This value was comparable to values cited in the literature. According to Wagen-ture of the press platens was 100 °C, 150 °C and 200 °C, while the unit pressure was 80 MPa. The thermo-mechanical modifi cation of wood included three stages: (1) heating wood samples for 180 s with the closed press platens without exerting pressure, (2) pressing at the assumed pressure for 180 s, (3) cooling wood samples in an unheated hydraulic press without exerting pressure. The cooling process was carried out until wood achieved the temperature of approximately 70 °C.
Four fl uorescent lamps were used for ultraviolet radiation, each with a capacity of 100W (model 100R, LIGHTECH company, Poland). Wood samples were subjected to ultraviolet radiation within a spectrum range of 340 -360 nm. The used source of radiation was imitating the solar radiation, in particular the UVA component. In studies by other authors, a strong UV light emitter, i.e. a mercury vapour lamp with total light emission of 320W, was used for wood light irradiation (Tolvaj and Mitsui, 2010) . Wood samples were subjected to ultraviolet radiation within a spectrum range of 300 -400 nm. Wood samples were light irradiated for 300 h, and colour parameters were determined after each subsequent 20 h of irradiation. 20 samples were used for studying colour for each variant of non-densifi ed and densifi ed wood. Colour parameters were examined at three measurement points for each sample.
Wood moisture was determined in accordance with ISO 13061-1 (2014) requirements, and density in accordance with ISO 13061-2 (2014). Wood moisture was 7.82 % (±0.13). The compression ratio (CR) was calculated according to Eq. 1, where t o is the original thickness (mm), and t d is wood thickness after densification (mm).
(1)
The following colour parameters were determined: lightness (L*), chromatic coordinate on the redgreen axis (a*), chromatic coordinate on the yellowblue axis (b*), saturation (C*) and hue angle (h). The total colour difference ΔE was determined according to ISO 7724-3 (1984) . SP60 spectrophotometer made by X-Rite Europe GmbH (Regensdorf, Switzerland) was used to examine the colour parameters. The sensor head was 8 mm in diameter. Measurements were made using a D65 illuminant.
Statistical analysis of the results was performed using STATISTICA Version-12 software of StatSoft, Inc. (Tulsa, USA). The statistical analysis of the results was performed at a signifi cance level of 0.05. The trend lines were determined, and parameters of the curve equation (y) were specifi ed along with the coeffi cients of determination R 2 for correlations describing the change in pine wood colour parameters in time.
RESULTS AND DISCUSSION
REZULTATI I RASPRAVA
The infl uence of the area of wood (sapwood, heartwood) and of densifi cation temperature (based on ANOVA, Fischer's F -test) on the parameters of densifi ed wood was shown in Table 1 . It was also specifi ed The thermo-mechanical modifi cation of pine sapwood and heartwood at temperatures of 100 °C and 150 °C caused slight changes in the colour lightness of wood, only just noticeable to the naked eye. Only treatment at a temperature of 200 °C resulted in a clear change in colour. Similar correlations were found by Bekhta et al. (2014) , who examined the effect of short--term thermo-mechanical (STTM) densifi cation temperature and pressure on the surface colour of veneer of alder, beech, birch and pine. The authors do not specify whether they examined pine sapwood or heartwood. A decrease in the lightness of wood, as a result of treatment, is caused by the degradation of hemicelluloses, whereby the greater the degradation of hemicelluloses, the higher is the temperature of heat treatment. As a result, the lignin content in wood increases, giving wood a darker colour (Diouf et al., 2011; Bekhta et al., 2014) .
The densifi cation of pine sapwood at temperatures of 100 °C and 150 °C did not infl uence, to a significant extent, the values of a* and b* and, consequently, did not contribute to the total colour difference ΔE. As a result, the changes in the value of ΔE (at a level of ca. 3.5) were comparable for pine sapwood densifi ed at temperatures of 100 °C and 150 °C ( Table 2 ). The most signifi cant changes in wood colour towards red occurred at a modifi cation temperature of 200 °C, both in case of sapwood and heartwood. As the modifi cation temperature of sapwood and heartwood increased, the saturation of colour C* increased and the value of h decreased. A change in colour towards red may be due to the presence of extractives in wood (Bekhta et al., 2014) . As heartwood contains more extractives, it was more susceptible to colour change towards red than sapwood. According to Waliszewska et al. (2015) , as obtained by Soxhlet extraction with ethanol, the extractive content in the sapwood of a 75-year old pine tree ranges from 2.3 to 2.7 %, and in its heartwood from 6.8 % to 13.3 %. An increase in the yellow component could also be observed with the increase of modifi cation temperature in case of heartwood that contained more lignin. The factors accountable for the wood becoming yellow include primarily lignin and its derivatives, i.e. quinones and stilbenes (Hon and Glasser, 1979) . The value of b* for sapwood and heartwood modifi ed at a temperature of 200 °C was, respectively, 21 % and 41 % higher than for non-modifi ed sapwood and heartwood. The modifi cation of pine sapwood at a temperature of 200 °C resulted in a change in wood colour ΔE that was twice as substantial as the change in wood colour after modifi cations at lower temperatures. The densifi cation of pine heartwood resulted in a greater difference in wood colour. The higher the modification temperature, the more substantial was the total colour difference for pine heartwood. In general, it can be concluded that the total colour difference for pine heartwood, irrespective of the modifi cation temperature, was twice as substantial as the change in the colour of pine sapwood.
Colour parameters of thermo-mechanically modifi ed pine wood after light irradiation 3.2. Parametri boje termo-mehanički modifi ciranog drva bora nakon izlaganja UV zračenju
Signifi cant changes in the colour of wood under the infl uence of ultraviolet radiation were observed. The below analysis, based on the CIE L*a*b* and L*C*h systems, provides the detailed characteristics of wood colour.
Pine sapwood was characterised by lesser susceptibility to a change in lightness L* under the infl uence of ultraviolet radiation than heartwood. The difference between L* before and after light irradiation of pine sapwood was ca. 8, whereas in the case of pine heartwood it ranged from ca. 7 to 12. The above correlations were caused by differences in the chemical composition of wood. The factor accountable for wood darkening is lignin (Hon and Glasser, 1979; Diouf et al., 2011; Bekhta et al., 2014) . Pine heartwood contains more lignin than sapwood (Waliszewska et al., 2015) . Moreover, as the densifi cation temperature increased, the degradation of hemicelluloses became more intense, which additionally contributed to the increase in the lignin percentage content in wood. As a result, the colour of pine sapwood and heartwood densifi ed at a temperature of 200 °C was much darker than in the case of the same wood densifi ed at temperatures of 100 °C and 150 °C. This confi rms mechanisms involved in the thermal decomposition of wood components. Kollmann and Fengel (1965) heated oak and pine wood at different temperatures. The authors found that pine lost weight at about 100 °C, whilst oak remained stable to about 130 °C. Additionally, it should be noted that wood densifi ed at a higher temperature changed its L* under the infl uence of light irradiation to a lesser extent. Within 300 h, the value of L* for pine sapwood and heartwood densifi ed at temperatures of 100 °C and 150 °C decreased by 12 %, whereas pine sapwood and heartwood densifi ed at a temperature of 200 °C recorded a decrease of 9 %. The study showed that the most substantial changes in wood lightness occurred after 20 h exposure to UV radiation, both for As a result of light irradiation, pine wood changed colour towards red (Figure 3) . The value of a*, after 300 h of light irradiation, was double for non-densifi ed sapwood and heartwood compared with its value before light irradiation. After 300 h of light irradiation, the value of a* was 1.5 times higher for heartwood (non-densifi ed and densifi ed) than for sapwood. Heartwood changed its parameter a* under the infl uence of light irradiation to a lesser extent than sapwood. Sapwood and heartwood, densifi ed at a temperature of 200 °C, changed their parameter a* under the infl uence of light irradiation to a considerably lesser extent than sapwood and heartwood densifi ed at a lower temperature. After 300 h of light irradiation, the value of a* for sapwood, depending on the modifi cation temperature, was from 60 % to 140 % higher than before irradiation. On the other hand, the value of a* for heartwood, after 300 h of light irradiation, was from 30 % to 60 % higher than before light irradiation, depending on the modifi cation temperature. A change in colour towards red may be due to the presence of extractives in the wood (Yazaki et al., 1994; Gierlinger et al., 2004 ; Per-sze and Tolvaj, 2012; Bekhta et al., 2014) . The values of a* show a trend in the colour change of sapwood and heartwood towards red, due to a decrease in the hue angle, as shown in Figure 8c, d .
The colour of sapwood changed towards yellow under the infl uence of light irradiation to a greater extent than the colour of heartwood (Figure 4 ). After 300 h of light irradiation, the value of a* for sapwood, depending on the modifi cation temperature, was from 30 % to 50 % higher than before light irradiation. The value of a* for heartwood after 300 h of light irradiation, on the other hand, was from 2 % to 25 % higher than before light irradiation, depending on the modification temperature. The higher the modifi cation temperature, the smaller was the change in the value of b* of the wood under the infl uence of light irradiation. Heartwood modifi ed at 200 o C did not show a significant change in the value of b* under the infl uence of light irradiation. The values of b* show a trend in the colour change of sapwood and heartwood towards yellow, caused by an increased colour saturation (Figure  8a, b) . Yellowing is the main colour change of wood, this being an effect of the photodegradation of lignin (Nimz 1973; Hon and Glasser, 1979; Yazaki et al., 1994; Huang et al., 2012; Persze and Tolvaj, 2012) .
Sapwood showed greater dynamics of colour change under the infl uence of light irradiation than heartwood ( Figure 5 ). The value of ΔE after 300 h of light irradiation of non-densifi ed sapwood was three times as high as after 20 h of light irradiation. The value of ΔE after 300 h of light irradiation of non-densifi ed heartwood was double compared with its value after 20 h of light irradiation. The value of ΔE of non-densifi ed sapwood after 300 h of light irradiation was 7 % lower than in the case of non-densifi ed heartwood and the differences were statistically signifi cant (p < 0.05). The total colour difference for sapwood densifi ed at a temperature of 100 °C, 150 °C and 200 °C was, respectively, 15 %, 27 % and 34 % more substantial than the value of ΔE for heartwood densifi ed at the same temperatures. This is due to the fact that thermo-mechanically modifi ed pine sapwood is characterised by greater susceptibility to colour change under the infl uence of light irradiation than thermo-mechanically modifi ed heartwood.
The most substantial changes in the colour of wood occurred after 20 h of light irradiation. A change in colour within 20 h accounted for about 20 %, 30 % and 45 % of the total colour change in densifi ed sapwood at temperatures of 100 °C, 150 °C and 200 °C. Changes in colour within 20 h accounted for about 30 %, 40 % and 55 % of the total colour difference for densifi ed heartwood at temperatures of 100 °C, 150 °C and 200 °C. The higher the temperature of thermo-mechanical modifi cation, the smaller were the values of ΔE after 300 h of light irradiation. An exception was pine sapwood densifi ed at 100 °C and 150 °C, which was characterised by the value of ΔE similar to that of non-densifi ed pine sapwood. Tolvaj and Mitsui (2010) noted that the differences in wood . Ultraviolet radiation causes degradation of extractives and then also quick oxidation of degradation products, leading to a sudden drop in lightness. The modifi ed chromophores act as an energy trap, which slows down the process of photodegradation of the main wood components (Németh et al., 1992) . Therefore, the colour change of heartwood is slower than that of sapwood.
No signifi cant differences were found between the values of C* for non-densifi ed and densifi ed pine sapwood under the infl uence of ultraviolet radiation ( Figure 6 ). Similar correlations were found for pine heartwood. An exception was pine heartwood densifi ed at 200 o C. After 300 h of light irradiation, the value of C* for that heartwood was 30 % lower than for non-densifi ed heartwood. It should be noted that, after 300 h of light irradiation, the value of C* for sapwood densifi ed at temperatures of 100 °C, 150 °C and 200 °C was, respectively, 50 %, 45 % and 30 % higher than the value of C* for sapwood before densifi cation. The value of C* for heartwood densifi ed at temperatures of 100 °C, 150 °C and 200 °C, after 300 h of light irradiation, was, respectively, 30 %, 15 % and 30 % higher than the value of C* for heartwood before densifi cation. Significant differences between the values of C* for sapwood and heartwood were only found when wood was densifi ed at 200 °C. Changes in the value of h under the infl uence of light irradiation for sapwood and heartwood were logarithmic. An exception was pine sapwood densifi ed at 200 °C (Figure 7) . After 300 h of light irradiation of non-densifi ed sapwood and sapwood densifi ed at 100 °C and 150 °C, a 6 % decrease in the value of h was recorded as compared to the wood before light irradiation. In the case of non-densifi ed and densifi ed heartwood, a 7 % decrease in the value of h was recorded after 300 h of light irradiation as compared to the wood before light irradiation. The differences were statistically signifi cant (p < 0.05). In general, it can be concluded that, after 300 h of light irradiation, the value of h for sapwood was 10 % higher than the value of h recorded for heartwood, irrespective of the modifi cation temperature. Table 3 presents a summary of equations of the straight lines showing the correlations between the wood colour parameters and the values of the coefficient of determination R 2 . The high values of R 2 , close to "1", indicate the usefulness of the regression equation for anticipating the value of the dependent variable L*, a*, b*, C*, h and ΔE using the independent variable t, which is the wood light irradiation time.
Regression equations of colour parameters for pine wood densifi ed throughout the range of temperatures and light irradiation is presented in Table 4 . The R 2 values show that a change in colour parameters is much more pronounced for pine sapwood than pine heartwood. In the case of pine heartwood, the coefficient of determination R 2 was less than 0.50 for four out of nine determined correlations. The correlations between the colour parameters of pine sapwood were found to have the value of R 2 greater than 0.61. The best linear correlation was found between C* and b* for pine sapwood (R 2 = 0.99) as well as heartwood (R 2 = 0.93). A high correlation was also found between h and a* for pine sapwood (R 2 = 0.97) and heartwood (R 2 = 0.92). This means that only the values of b* and a* can be used to determine the values of C* and h, respectively, (Figure 8 ).
CONCLUSIONS 4. ZAKLJUČAK
On the basis of the present study, it has been found that ultraviolet radiation has a signifi cant infl uence on the colour of thermo-mechanically modifi ed Table 3 Curve equations describing relations between L*, a*, b*, C*, h, ΔE and time (t) of UV exposure (a -directional factor, b -absolute term) and R 2 -coeffi cient of determination) Tablica 3. Jednadžbe krivulja koje opisuju odnose između L*, a*, b*, C*, h, ΔE i vremena (t) UV zračenja (a -koefi cijent smjera, b -odsječak na osi y, R 2 -koefi cijent determinacije)
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